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Friction and wear are the two central causes for energy loss  
and component failure in mechanical systems1. Traditional  
friction reduction approaches often involve liquid lubricants 

that may fail under strong confinement and extreme external con-
ditions, such as high loads and temperatures, as well as in the pres-
ence of chemical contamination or under a vacuum environment. 
Structural superlubricity may provide a viable alternative route to 
the reduction of friction and wear that relies on the effective cancel-
lation of lateral forces within incommensurate rigid crystalline con-
tacts2–10. Originally observed in nanoscale homogeneous graphitic 
contacts more than a decade ago6, in recent years several indepen-
dent experimental efforts have demonstrated its successful scale-up 
to the micrometre regime7,10–16. A major obstacle standing against 
the widespread application of structural superlubricity involves the 
strong anisotropic nature of friction in homogeneous rigid inter-
faces with respect to their relative orientation. Even when placed 
in an incommensurate ultralow friction configuration they exhibit 
a tendency to rotate towards the aligned commensurate configura-
tion during the sliding motion and eventually lock in a high friction 
state17. The severity of this problem grows with contact size due to 
the increasing frictional anisotropy.

As a possible remedy, one may consider the formation of multi-
contact junctions that include rigid polycrystalline surfaces of  
randomly oriented patches, which prevent the formation of 
extended commensurate interfaces. This, however, introduces 
numerous domain walls that may cause pinning effects and result in 
the enhancement of friction. To resolve this problem, a recent real-
ization of the multicontact approach used a graphene-coated corru-
gated sphere that slides atop flat graphite or hexagonal boron nitride 
(hBN) surfaces14. The surface corrugation led to the formation of 
merely a few separated contact points between the sphere and  
the flat substrate. As a result, superlubric motion was obtained for 
both the homogeneous and heterogeneous interfaces. Nevertheless, 
the application of large normal loads on such a small contact 

area results in extremely high local pressures that may eventually  
lead to enhanced wear, and thus reduce the system durability. To 
avoid this, it has been suggested that heterogeneous junctions 
of extended single-crystalline surfaces provide structural super-
lubricity that is robust against crystal reorientations and exhibits 
enhanced durability18,19. Here, due to the intrinsic lattice constant 
mismatch of the contacting surfaces, incommensurability also exists 
in the aligned configuration, in which the lattice vectors of the two 
surfaces are parallel.

As a significant understanding of the tribological properties 
of rigid layered graphitic contacts has been gained over the past 
decade, a natural platform to examine structural superlubricity in 
heterojunctions is the interface between graphite and its inorganic 
hBN counterpart. In the present study, we address this challenge 
by constructing pristine microscale junctions between single-crys-
talline graphite and hBN and measure their tribological properties. 
We find that the orientational anisotropy of friction in the hetero-
geneous junction is orders of magnitude lower than that of the cor-
responding homogeneous graphitic interface. Therefore, ultralow 
friction is preserved even for the aligned contact, which makes the 
system extremely robust against dynamic reorientation processes. 
This also holds true under ambient conditions and normal loads as 
high as 100 μ N, which, for our contact area of ~9 μ m2, corresponds 
to a pressure of ~11 MPa. Using fully atomistic molecular dynamics 
simulations we further reveal that the origin of frictional anisotropy 
in homo- and heterojunctions is governed by completely different 
physical mechanisms and frictional regimes.

To demonstrate the robustness of superlubricity in heterojunc-
tions we used an atomic force microscope (AFM) manipulator  
(Fig. 1 and Methods give further details as to the experimental  
set-up) to measure the dependence of the friction force on the rela-
tive angular orientation between the graphite and hBN surfaces  
(Fig. 2). During these measurements the sliding velocity and normal 
load were kept constant at 200 nm s–1 and 19.7 μ N, respectively.
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The measured friction force exhibits a six-fold symmetry, which 
clearly shows the hexagonal nature of the underlying lattices, and fur-
ther indicates the monocrystallinity of the contacting surfaces18. The 
typical friction force obtained for the rotationally misaligned contact 
is ~300 nN. When divided by the contact area of 9 μ m2, this translates 
into a frictional stress of merely ~0.03 MPa, comparable to the value 
of 0.01 MPa measured in 0.2 μ m2 misaligned homogeneous graphitic 
contacts10. Notably, although the microscale homogeneous graphitic 
contacts lock in when placed at the aligned configuration, which ren-
ders them impossible to shear with our apparatus, the heterogeneous 
contact exhibits only a small anisotropy with less than a fourfold 
enhancement of friction. The strong anisotropy found for the former 
can be readily understood in terms of a rotational transition from a 
misaligned incommensurate interface that exhibits smooth sliding 
to a commensurate aligned contact, characterized by pronounced 
stick–slip motion. More surprising is the anisotropy observed in the 
heterojunction case. Here, even for the aligned contact, the interface 
remains incommensurate due to the intrinsic lattice vector misfit 
of the two surfaces. Hence, in this case, one would expect smooth  

sliding to occur regardless of the interfacial misorientation angle, 
which leads to negligible orientational frictional anisotropy18,19.

To unravel the physical origin of the orientational frictional 
anisotropy in homogeneous and heterogeneous contacts and the 
differences between the underlying mechanisms, we invoked fully 
atomistic molecular dynamics simulations19–22. Our model system 
consisted of a flexible graphene layer dragged atop a rigid hBN or 
graphene layer via a stage that was modelled as a rigid flat duplicate 
of the graphene layer, as schematically shown in Fig. 3a. Each atom 
within the graphene layer was connected via a harmonic spring to its 
image atom within the stage. The interaction between the graphene 
layer and the underlying hBN or graphene substrates was modelled 
with the graphene/hBN or Kolmogorov–Crespi interlayer potentials 
(ILPs)21,23, respectively, whereas the intralayer interactions within 
the graphene layer were modelled using the reactive bond order 
(REBO) potential (the Methods section gives further details)24. 
The validity of the rigid substrate approximation was confirmed by  
performing test simulations that involved mobile multilayered hBN 
substrates (Supplementary Section 8 gives further details).
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Fig. 1 | experimental set-up. a, Schematic diagram of the experimental set-up to measure the friction in graphite/hBN junctions. An hBN substrate was 
rigidly fixed to the AFM stage on top of which a SiO2 capped graphitic flake was placed. The stage consisted of a piezoelectric ceramic transducer (PZT), 
a heater band and a Si/SiO2 surface. Normal and lateral forces were applied via an AFM probe put in contact with the central area of the SiO2 cap. An 
objective lens was coupled to the AFM head to follow the relative movement of the sheared flake with respect to the hBN substrate in situ. b, Optical 
images of the fabrication process of the graphite/hBN heterostructure. Attachment of a tungsten probe to the SiO2 cap of an HOPG mesa (i). Tungsten 
probe shearing of a graphitic mesa results in the drag of the mesa’s top section (ii). Self-retraction motion exhibited by the dragged graphitic flake atop the 
lower graphite mesa section on release from the tungsten probe (iii). Transfer of the graphitic flake onto the hBN surface (iv).
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Fig. 2 | Rotational anisotropy of the measured friction of a graphite/hBN heterojunction. Dependence of the frictional stress on the relative interfacial 
orientation between monocrystalline graphite and hBN measured under ambient conditions (temperature of 22 ±  1 °C and relative humidity of 29 ±  3%). 
The sliding velocity was set to 200 nm s–1 and the normal load was kept at 19.7 μ N. a,b, Both linear (a) and polar (b) representations of the data are 
provided to demonstrate clearly the anisotropy and six-fold symmetry of the measured friction. The estimated accuracy of the reported rotation angles 
is ± 0.5°. To increase the angular resolution requires a significant increase of the experimental duration that would, in turn, lead to enhanced instrumental 
drift effects and thus decrease the signal-to-noise ratio. The corresponding frictional stress error bars in a represent the standard deviation of the results 
obtained from 16 independent frictional measurements. Supplementary Section 3 gives further details of the error estimation.
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In our simulations, the overall frictional stress, τ, that develops 
during the sliding motion can be written as a sum of the contribu-
tions of the different degrees of freedom (DOF) within the graphene 
layer to the energy dissipation as follows25:
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where vi,α and vCOM,α are the instantaneous velocity components  
of carbon atom i and of the centre-of-mass (COM) of the entire 
graphene layer along the α direction, respectively, mC is the mass 
of a carbon atom, N is the number of carbon atoms within the  
graphene layer, S is the overall contact area; vstage is the drag  
velocity of the stage, ηα is the damping coefficient that character-
izes the kinetic energy dissipation rate along the α direction and  
〈  〉  denotes a steady-state time average. The parameter values used 
in our simulations are given in the caption of Fig. 3.

For the homogeneous graphene junction, we found that the 
overall frictional stress, calculated from equation (2) is dominated 
by energy dissipation through the COM DOF. Specifically, for the 
aligned homogeneous case, a total frictional stress of 135 MPa 
was obtained due to the highly dissipative COM stick–slip motion  
(Fig. 3b, black curve). For the 30° misaligned graphitic contact, a 
smooth sliding was obtained and the calculated frictional stress 
dropped to 0.23 MPa, which resulted in a significant kinetic friction  
anisotropy factor of ~600 (Supplementary Section 6). An even 
larger drop was found for the static friction, which reduced from 
~800 MPa for the aligned contact to vanishingly small values  
(< 60 kPa) on a 30° rotation away from alignment. These results  
correspond well with previous observations of frictional anisotropy 
in nanoscale graphitic contacts6 and with our present experimental  

findings that a complete junction lock in occurs at the aligned  
configuration versus the superlubric motion measured for the  
misaligned graphitic contact.

The experimental observation of a significantly smaller frictional 
anisotropy in the heterogeneous graphite/hBN junctions suggests a 
completely different underlying dynamic mechanism. This is clearly 
demonstrated by our simulations, which show that the energy dis-
sipation through the DOF of the COM is more than three orders of 
magnitude smaller than that obtained for the aligned homo geneous 
junction and is independent of the misalignment angle (Fig. 3c). 
This can be attributed to the smooth soliton-like motion of the 
moiré pattern ridges that characterize the heterogeneous junc-
tion, which eliminates the COM stick–slip instability19, as shown 
by the red curve in Fig. 3b. Therefore, consideration of the COM 
motion alone cannot explain the observed frictional anisotropy18,19. 
As a consequence, the internal DOF become the dominant factor 
that dictates the frictional behaviour in these systems. As can be 
clearly seen in Fig. 3d, the out-of-plane motion of the carbon atoms 
provides the main energy dissipation route. As the out-of-plane 
distortions in these systems are strongly influenced by the moiré 
superstructure (Supplementary Section 9 gives a detailed descrip-
tion of the moiré superstructures), they rapidly decay with increas-
ing interfacial misfit angle21,26,27. Therefore, this channel of energy 
dissipation demonstrates a significant anisotropy of three orders 
of magnitude. Finally, when the COM and internal DOF contribu-
tions are combined, the heterogeneous junction exhibits ultralow  
friction for all misfit angles with a small anisotropy, similar to that 
measured in the experiment (Fig. 3e). The overall frictional stress 
anisotropy factor obtained in the simulation depends on the ratio 
between the in-plane (ηx,y) and out-of-plane (ηz) damping coeffi-
cients, as in equation (2). Notably, previous studies predicted that 
the damping coefficient in the normal direction can be orders  
of magnitude larger than the lateral values28,29. In particular, for  
carbon atoms adsorbed on graphite, the ratio, ηx,y/ηz, equals ~0.006 
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Fig. 3 | Simulated rotational anisotropy of the friction of a graphite/hBN heterojunction. a, Schematics of the simulation set-up. A fully mobile graphene 
layer is dragged over a rigid hBN substrate monolayer by a stage that moves at a constant velocity, vstage. The stage is modelled by a rigid duplicate of the 
mobile graphene layer, each atom of which is connected to its image within the stage model via harmonic springs. Normal load, not considered herein, 
can be applied by exerting a vertical force to each atom of the slider. Periodic boundary conditions are implemented in the lateral directions. b, Simulated 
friction traces in the aligned (θ =  0°) heterogeneous graphene/hBN junction (red line) compared to the homogeneous graphene/graphene counterpart 
(black line); c,d, Angular dependence of the contributions to the overall frictional stress from the graphene COM motion (c) and from the internal degrees-
of-freedom (motion of the slider atoms with respect to its COM) (d) as defined in equation (2). Contributions that correspond to the lateral motion 
parallel and perpendicular to the sliding direction (see reference frame in a) are represented by black and blue lines, respectively. Red lines represent the 
contribution along the vertical direction. e, Angular dependence of the overall (sum over all components) frictional stress calculated for the heterogeneous 
graphene/hBN junction. All the results presented here were obtained using uniform stage/graphene spring constants of K =  11 meV Å–2 and a driving 
velocity of = −v 10 m sstage

1. The damping coefficients are chosen as η = −4.425 psz
1 and η η= = −0.029 psx y

1. These values reproduce well the experimental 
frictional anisotropy and give the correct shear stress values at the experimental sliding velocity assuming a logarithmic scaling. The Methods section 
gives more details on the methodology and simulation parameters.
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(see Methods section). As there is no rigorous estimation of the values 
of damping coefficients that should be used for graphene flakes that 
slide on hBN, we tuned the ratio between the damping coefficients 
in lateral and normal directions to reproduce the fourfold anisotropy 
of the frictional stress observed experimentally. Interestingly, for 
our model bilayer heterojunction this is achieved for ηx,y/ηz ≈  0.007, 
which is close to the theoretical estimation mentioned above (an 
evaluation of the sensitivity of the frictional anisotropy to the num-
ber of substrate layers is reported in Supplementary Section 8).  
The absolute values of ηx =  ηy =  0.029 ps−1 and ηz =  4.425 ps−1 were 
chosen to reproduce the order of magnitude of the measured shear 
stress at the experimental sliding velocities (102− 104 nm s–1, much 
smaller than the simulated value of vstage =  10 m s–1), after accounting 
for the observed logarithmic scaling (see below). The final values 
fall in the range typically adopted in molecular dynamics simula-
tions of nanoscale friction30, and are close to theoretical estimations 
of damping coefficients for adsorbed atoms31.

We note that recent simulations using an empirically para-
meterized ILP indicated the existence of a rotational anisot-
ropy of the energy dissipation within graphene/hBN junctions32.  
The use of our recently developed graphene/hBN ILP, which was  
carefully parameterized against state-of-the-art first-principles 
reference data, enabled us to obtain a quantitative understand-
ing of this phenomenon and allowed for a direct comparison with  
the experimental observations (Supplementary Section 11 gives 
further details).

As dynamical structural superlubricity is not a critical phe-
nomenon, a common definition for achieving a superlubric state is 
given such that the kinetic friction coefficient, defined as the local 
derivative of the friction force with respect to the applied normal 
load, should be below 10−3. To estimate the kinetic friction coef-
ficient obtained in our system, we present in Fig. 4a the normal 
load dependence of the frictional stress measured for misaligned 
contacts at various sliding velocities. Under ambient conditions, 
the kinetic frictional stress was found to be nearly independent 
of the normal load up to the highest measured value of 100 μ N 
(black squares in Fig. 4a), regardless of the sliding velocity, yield-
ing a negligible kinetic friction coefficient smaller than 1.4 ×  10−4, 
well within the superlubric regime. The frictional stress was also 

found to be mostly independent of the normal load for the aligned 
interface (Supplementary Section 1), which results in friction coef-
ficients smaller than 5.9 ×  10−3. We note that recent microscale 
ball-on-surface experiments demonstrated friction coefficients as 
low as 2.5 ×  10−3 in multicontact graphene/hBN heterojunctions14. 
Furthermore, macroscale superlubricity with friction coefficients 
of 4 ×  10−3 were obtained in diamond-like-carbon/graphene-scroll 
junctions33. Our planar monocrystalline atomically smooth inter-
face allows us to obtain friction coefficients that are at least an order 
of magnitude lower than these.

Notably, we found that during the sliding process the graphitic  
mesas tend to persist either in the higher or lower friction states, 
which correspond to the aligned and misaligned interface con-
figurations, respectively (6 out of 22 higher friction measurements 
resulted in rotation towards the low friction state and 4 out of 38 
lower friction measurements resulted in rotation towards the higher 
friction state). This is in contrast to the case of homogeneous gra-
phitic junctions, in which the large anisotropy renders the low 
friction state to be dynamically unstable and leads to lock in of 
the system in the high-friction state. Our findings are in line with 
recent experimental observations that reported two stable configu-
rations of graphene on hBN that corresponded to the aligned and 
30° rotated ~0.2 μ m2 interfaces34.

An important factor that needs to be taken into account in every 
frictional measurement is the effect of environmental conditions, 
specifically the influence of surface contaminants on the measured 
friction. Therefore, to evaluate the intrinsic frictional contribu-
tion of the heterogeneous interface, we repeated the measurements 
under an inert nitrogen environment using several 150 °C ther-
mally annealed junctions (the Methods section gives details on the  
thermal annealing procedure). After annealing, the frictional stress 
that resulted remained practically load independent and reduced  
by nearly a factor of two (typical results are presented by the green 
diamonds in Fig. 4a), which suggests that in this case about half  
of the friction measured under ambient conditions results from  
surface contaminants.

The extremely low frictional stresses reported above under 
ambient conditions are alone appealing for energy loss reduction 
purposes. However, another factor that is essential for practical 
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Fig. 4 | effects of external conditions on the friction of misaligned graphite/hBN interfaces. a, Load dependence of the frictional stress between 
monocrystalline graphite and hBN surfaces measured at various sliding velocities, which ranged from 600 to 1,400 nm s–1. Measurements performed under 
ambient conditions are compared to the results from a sample that was 150 °C pre-annealed and measured under nitrogen atmosphere (green diamonds). 
The run-in process of 1,000 friction loops (~2 mm in total (inset)) was performed at a normal load of 47 μ N and a speed of 1 μ m s–1 under ambient 
conditions. b, Dependence of the measured frictional stress on the sliding velocity at various normal loads, which ranged from 8.3 to 97 μ N. Measurements 
performed under ambient conditions are compared to the results of a sample that was 150 °C pre-annealed and measured under a nitrogen atmosphere 
(green diamonds). All the presented frictional stresses were obtained by averaging over 16 scan loops with an overall distance of 64 μ m. The frictional 
stress error bars represent the standard deviation of the results obtained from 16 independent frictional measurements. Supplementary Section 3 gives 
further details regarding the error estimation. 
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applications is system durability. To evaluate the durability of the 
heterojunction we subjected one of the samples to repeated frictional 
cycles for up to 1,000 loops with an overall travelled distance of 
~2 mm at a speed of 1 μ m s–1 while applying a normal load of 47 μ N.  
The inset of Fig. 4a reports the friction force as a function of cycle 
number and shows no significant drift. Following this, we repeated 
the load dependence frictional measurement, reported in the ambi-
ent (run-in) data set (magenta symbols) of Fig. 4a. These results 
clearly demonstrate that the system behaviour was not affected by 
the run-in procedure and thus indicating that the accumulation  
of mechanical wear is effectively hindered in our system by the 
superlubric motion.

Finally, another key factor for realistic tribological scenarios is 
the ability to achieve superlubricity at high sliding velocities. To 
this end, we measured the dependence of the frictional stress on 
the sliding velocity up to 10 μ m s–1 at a temperature of 25 °C under 
ambient conditions (relative humidity of 42%) as well as under a 
nitrogen atmosphere (relative humidity < 10%) with and without 
pre-annealing at 150 °C. As demonstrated in Fig. 4b a relatively 
slow logarithmic increase of the frictional stress with the sliding 
velocity was obtained for all the samples studied, in agreement with 
the theory of thermally activated friction processes30. Consistent 
with Fig. 4a, no appreciable dependence on the normal load was 
observed. The friction under ambient conditions and under a nitro-
gen environment without annealing is practically the same, which 
indicates the minor role that humidity plays in the present set-up. 
Furthermore, both are consistently larger than the friction obtained 
for the pre-annealed sample (green diamond), which demonstrates 
yet again the effectiveness of thermal annealing for cleaning edge 
and surface contaminants.

In summary, an experimental realization of structural super-
lubricity in microscale heterogeneous contacts between mono-
crystalline graphite and hBN, which is robust against crystal 
reorientations, was demonstrated. The orientational anisotropy of 
the sliding friction was found to be orders of magnitude smaller 
than that of the corresponding homogeneous graphitic contact. 
We rationalized these results via fully atomistic molecular dynam-
ics simulations that reveal completely different physical mecha-
nisms of frictional anisotropy. For the homogeneous graphitic 
junction, it is dominated by dissipation through the COM motion, 
whereas in the heterojunction it originates mainly from the inter-
nal DOF of the contacting layers. Specifically, in the aligned 
configuration the latter exhibits enhanced out-of-plane atomic 
undulations that are related to the soliton-like moiré superstruc-
ture motion19. These undulations rapidly decay upon rotation to 
an orientationally misaligned configuration, in which the sliding 
surface remains flat.

Interestingly, a related mechanism for frictional anisotropy was 
demonstrated previously for a completely different system that 
included a two-dimensional (2D) array of colloidal particles sliding 
over an incommensurate optical lattice35. This indicates that robust 
structural superlubricity is a phenomenon of a general nature, 
which, with proper design, is expected to be attainable not only in 
2D layered material interfaces but also in other dry rigid contacts as 
well as in soft-matter systems.

With the aim to scale up such results towards mesoscopic and 
macroscopic contacts, one should consider junctions that include 
lattice defects and polycrystalline surfaces. Lattice defects may 
include vacancies and Stone–Wales bond rotations36, which reduce 
interfacial commensurability. In this respect, they are expected to 
lower the overall friction37. Furthermore, when using polycrystal-
line junctions, different surface regions are randomly oriented and 
thus the frictional stress is expected to become completely indepen-
dent of the interlayer misalignment angle. Nevertheless, the effects 
of grain boundary and defect-induced pinning on the overall fric-
tion remains to be investigated.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41563-018-0144-z.
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Methods
Preparation of hBN substrate. High-quality hBN (Momentive Materials) crystals 
were mechanically exfoliated by the Scotch tape method38 and transferred onto 
a silicon substrate with a SiO2 layer of ~300 nm in thickness. For measurements 
performed without an annealing stage, the silicon substrate was mechanically 
attached to the scanner of the AFM apparatus using a metallic clamp. For 
measurements performed with an annealing stage, the silicon substrate was 
attached to a heater band by heat-conducting glue, and then the heater band was 
magnetically attached to the scanner of the AFM apparatus. No relative motion 
between the silicon substrate and the scanner of the AFM apparatus was observed 
during all the experiments.

Graphite flake preparation. Square graphitic mesas of lateral and vertical 
dimensions of 3 ×  3 μ m2 and about 1 μ m, respectively, were lithographically 
fabricated on highly ordered pyrolitic graphite (HOPG, ZYB grade (Brucker))39. 
The mesas were capped with a 400 nm thick SiO2 layer, to which a tungsten 
microtip controlled by a micromanipulator (Kleindiek MM3A) was attached. 
Graphitic flakes were prepared by applying a shear stress onto the HOPG 
mesas8,13,40,41 using the micromanipulator until they split along their vertical 
direction; the lower section remained rigidly attached to the substrate and the 
upper graphitic stack was dragged by the microtip. To assure that the contacting 
graphene layer is chemically clean and monocrystalline, we chose only flakes that 
exhibited self-retraction motion (in two orthogonal directions) as validated by 
optical microscopy (HiRox KH-3000) (Fig. 1)7.

Surface characterization. The quality of the contacting hBN and graphite surfaces 
was validated using an AFM apparatus and Raman spectroscopy. First, the 
roughness of the hBN substrate was measured using an Asylum Research MFP-3D 
Infinity AFM in tapping mode with the aim to identify extended smooth regions 
(< 0.4 nm in roughness (Supplementary Fig. 4a)) and with lateral dimensions of at 
least 8 ×  8 μ m2 to be used in the friction measurements (Supplementary Fig. 4a). To 
verify the monocrystallinity of the chosen region, the crystal lattice orientation of 
nine 10 ×  10 nm2 spots was measured using the Asylum Research Cypher S AFM 
apparatus (Supplementary Fig. 4c). The crystalline lattice orientation of all nine 
spots was found to be identical (within our instrumental uncertainty related to the 
sample/tip drift), which thus strongly indicates the monocrystallinity of the target 
hBN substrate region.

The contacting surface of the transferred graphitic flake could not be directly 
characterized because it was facing down and thus hidden from our measuring 
instruments (yellow surface in Supplementary Fig. 5a). Nevertheless, to evaluate 
its quality, we investigated the counterpart upper surface of the graphitic mesa, 
from which the flake was cleaved (red surface in Supplementary Fig. 5a). Similar 
to the hBN substrate, the crystal structure of nine 10 ×  10 nm2 spots, equally 
distributed across the 3 ×  3 μ m2 graphitic surface, were characterized using 
an Asylum Research Cypher S AFM (Supplementary Fig. 5b,c). Here, as well, 
our high-resolution images (Supplementary Fig. 5d) demonstrate an identical 
lattice orientation for all nine spots, which indicates that the upper mesa surface 
(and hence also the down-facing contacting surface of the flake) is, indeed, 
monocrystalline in accordance with previous studies on similar systems7,8,41. This 
conclusion is further supported by the observed 60° rotational symmetry of the 
frictional stress measured for the graphite/hBN heterojunction (Fig. 2).

To characterize further the degree of crystallinity of the graphitic surface, we 
conducted Raman spectroscopy measurements of the upper surface of the cleaved 
graphitic mesa. As the area of the Raman laser spot is roughly a ninth of the entire 
mesa surface area, by scanning over all nine spots marked in blue in Supplementary 
Fig. 5b we nearly covered the entire mesa top. The Raman spectra obtained by 
measuring over all nine spots are superimposed in Supplementary Fig. 6. The 
absence of the characteristic D peak at 1,350 cm−1 in all the measured spectra clearly 
demonstrates that the surface is nearly pristine. This is further validated by the 2D 
map in Supplementary Fig. 7, which presents the spatially resolved ratio between 
the D and G Raman peak intensities (ID/IG) of the top surface of the cleaved graphite 
mesa. The square blue region, which corresponds to low ID/IG ratio, that covers 
almost the entire surface indicates the nearly complete absence of defects.

Graphite/hBN heterojunctions formation. The selected graphitic flakes were 
transferred to the preselected atomically smooth region of the hBN substrate using 
the microtip and micromanipulator (Fig. 1).

Friction measurements. The frictional measurements of the graphene/hBN 
heterostructures were performed under an ambient atmosphere (temperature of 
22 ±  1 °C and relative humidity of 29 ±  3%). The experimental set-up included a 
commercial NTEGRA upright AFM (NT-MDT), a 100 μ m XYZ piezoelectric tube 
scanner, a high numerical aperture objective lens (× 100 (Mitutoyu)) equipped with 
a top visual AFM probe (VIT-P tip (NT-MDT)) and a heating stage (SU045NTF 
(NT-MDT)) that reached a maximal temperature of 150 °C. Figure 1a shows a 
schematic representation of the set-up. The AFM tip was within the field of view 
of the optical microscope when it was in contact with the SiO2 cap of the graphitic 
mesas. The AFM tip was calibrated in situ by the Sader method42,43 for the normal 
direction and the wedge calibration method44 for the lateral direction.

Prior to the friction-force measurements, the contacts were cleaned by 
applying several hundred shear loops (each of 2 μ m in length) until the measured 
shear stresses reached a steady state. This process was shown to remove surface 
contaminants located outside the contacting area due to wiping effect in the 
direction of sliding45, as well as intercalated contaminants confined within the 
interface that experience enhanced diffusion46. Once steady state was achieved, 
the friction force was evaluated as the average energy (averaged over 16 loops) 
dissipated during a steady-state shear-force loop divided by the overall cycle 
length. The relative angular orientation between the graphite and hBN surfaces 
was controlled via AFM tip manipulation of the graphite flake, and a scan direction 
perpendicular to the AFM’s cantilever was adopted throughout the friction 
measurements. The external normal load was controlled through a feedback loop 
of the scan electronics.

To enable a relatively large contact area between the tip (whose original 
radius was ~10 nm) and the SiO2 cap of the graphite mesa, prior to the friction 
measurements a relatively large normal force of ~100 μ N, was intentionally applied 
to induce a plastic deformation of the tip. The scanning electron microscope 
image of the deformed tip shown in Supplementary Fig. 9a clearly demonstrates 
the flattening of the tip and increase of its contact radius to ~0.5 μ m. Compared 
to the 3 ×  3 μ m2 surface area of the graphite slider, this suggests that some pressure 
gradient may still develop across the frictional interface. Nevertheless, one should 
consider the multilayer nature of the slider and the silicon oxide cap that comes 
in contact with the tip. These may serve as buffer layers that spread the load more 
evenly across the interface (see Supplementary section 5 for a detailed analysis of 
this effect).

Atmosphere control. To stabilize the local environment near the sample, all the 
friction measurements were performed in a homemade 7 litre seamless aluminium 
chamber. A rubber ring was used to seal the interface between the chamber and the 
AFM substrate. Prior to each experimental realization performed under nitrogen 
protection (with or without annealing), the chamber was flushed with nitrogen gas 
at a flow rate of 2 litre min–1 for a period of 70 min.

Thermal annealing. As detailed in the main text, in some of the experimental 
realizations a thermal annealing pretreatment was applied. To this end, after the 
nitrogen-flushing stage the temperature of the heater band was increased from 
room temperature to 150 °C within 6 min, upon reaching this temperature it was 
kept constant for half an hour and then allowed to cool back to room temperature 
for about 2 h. The friction measurements with the annealed samples were 
performed under a nitrogen environment as detailed above.

Computational system description. Infinite, twisted graphene/hBN  
interfaces were modelled by means of commensurate periodic supercells  
generated using a published method47. Given the primitive lattice  
vectors b1 =  ahBN(1,0), b2 =  ahBN ∕ ∕(1 2, 3 2) , θ θ= ag (cos , sin )1 g ,  

= ∕ θ− ∕ θ ∕ θ + ∕ θag (1 2 cos 3 2 sin , 1 2 sin 3 2 cos )2 g  of hBN and 
graphene (rotated by angle θ), respectively, a commensurate supercell can be 
constructed for each set of four integers {n1,n2,m1,m2} that satisfy the condition 
n1g1 +  n2g2 =  m1b1 +  m2b2. The resulting supercell corresponds to a triangular 
lattice of periodicity L =  |n1g1 +  n2g2| that contains = + +N n n n ng 1

2
1 2 2

2, and 
NhBN =  + +m m m m1

2
1 2 2

2 primitive cells of graphene and hBN, respectively. In 
practice, we fixed the lattice constant of graphene to the equilibrium value of the 
adopted REBO potential, ag =  aREBO =  2.42106 Å, and searched for different sets 
{n1,n2,m1,m2,θ} with the constraint that the ratio between the lattice constant  
of hBN (ahBN) and that of graphene, ρ =  ahBN/ag should be close to the experimental 
lattice mismatch ρ ≈ .1 0183exp  (ref. 26). A similar procedure was used to generate 
commensurate supercells for twisted graphene/graphene interfaces.  
In Supplementary Section 12 we report the parameters used to construct the 
various heterogeneous and homogeneous commensurate supercells discussed.

Simulation set-up. In our simulation set-up, which aimed to mimic the friction-
force experiments, a graphene monolayer is dragged along a rigid graphene 
or hBN substrate. Unlike previous studies that were based either on purely 
geometric considerations18 or quasi-static calculations19, here we performed fully 
dynamic simulations that solved Langevin’s equations of motion for all dynamic 
particles in the system. This was found to be essential to capture the frictional 
orientational anisotropy observed experimentally. The pulling apparatus was 
represented by a rigid duplicate of the dragged monolayer positioned parallel 
to the underlying surface, whose COM was displaced along the substrate to 
represent the experimental moving stage. Normal loads were modelled by applying 
a homogeneous constant force to each atom of the mobile slider. In fact, loads 
typically used in the presented experimental results (≤ 10−4 nN atom–1) are, for all 
practical purposes, very small and therefore we mainly performed simulations at 
zero normal load. Tests performed at a load of 10−4 nN atom–1 gave quantitatively 
similar results. We note that relaxing the assumption of a rigid substrate is expected 
to increase the calculated frictional stress at small misfit angles, θ ≲  5° with a minor 
effect at larger angles. Consequently, the calculated orientational frictional stress 
anisotropy may become somewhat larger, but still within good agreement with the 
experimental observations.
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The in-plane interactions between the rigid duplicate and the sliding graphene 
monolayer were described by classical harmonic springs that connect each 
graphene atom with its counterpart on the rigid duplicate. The presented results 
were obtained for a spring constant of K|| =  11 meV Å–2 in the lateral (x,y) directions 
for all graphene atoms. This value corresponds to the equilibrium curvature of 
the Kolmogorov–Crespi23 potential for lateral displacements at the equilibrium 
interlayer distance of a graphene bilayer. The interlayer interactions between 
the sliding monolayer and the substrate were described by the Kolmogorov–
Crespi potential and the graphene/hBN ILP21 for graphene and hBN substrates, 
respectively. The intralayer interactions within the dragged graphene monolayer 
were described using the second generation REBO potential24. The corresponding 
equilibrium carbon–carbon distance was 1.3978 Å, which yielded a lattice constant 
of 2.421 Å. This value was used to construct the graphene monolayer, whereas for 
hBN we chose a lattice constant that approximately gave the experimental 1.8% 
intralayer lattice mismatch for the heterojunction (Supplementary Table 1). This 
methodology was shown to reproduce accurately the potential energy surface 
for the two interfaces considered here21,48. We note that the ILP was designed to 
augment intralayer terms. To this end, each atom was assigned a layer identifier 
such that the interactions between atoms residing in the same layer were described 
by the intralayer term, whereas the interactions between atoms residing in different 
layers were described by the interlayer term.

The large 3 ×  3 μ m2 microscale contact studied suggests that surface 
contributions to kinetic friction dominate over possible edge effects, and therefore 
we considered infinite homogeneous graphene/graphene and heterogeneous 
graphene/hBN interfaces. To study the angular anisotropy of friction, we built 
appropriate supercells that corresponded to different misalignment angles 
between the crystallographic axes of the sliding graphene monolayer and that of 
the substrate following a published method47 and briefly outlined above. In all 
the simulations, periodic boundary conditions (PBC) were implemented in the 
lateral directions. Hence, all contacts considered here were, strictly speaking, 
commensurate. Nevertheless, static friction-force simulations for the twisted 
homogeneous junction and for all heterogeneous contacts resulted in vanishingly 
small values. This indicates that our commensurate supercells also faithfully 
represent their incommensurate counterparts. We further checked that the model 
systems adopted are at convergence with respect to finite size effects, as discussed 
in Supplementary Section 10. Our supercell models are therefore also expected  
to represent well infinite and truly incommensurate interfaces.

Simulation protocol. For each misalignment angle, we first performed a full 
geometry relaxation of the sliding monolayer using the FIRE algorithm49. The 
relaxation procedure was terminated when the forces that act on each degree of 
freedom reduced below 10−6 eV Å–1. Starting from the fully relaxed configurations, 
sliding simulations were performed by moving the rigid duplicate at a constant 
velocity vstage of 10 m s–1 along the zigzag direction of the substrate, which 
corresponds to the x axis of our Cartesian frame of reference. The instantaneous 
shear stress was evaluated as the sum of the forces that act on the stage atoms in 
the driving direction. The kinetic frictional stress was calculated by time averaging 
the shear stress at steady-state sliding. The static friction force was measured by 
applying an increasing homogeneous external force in the x direction to all carbon 
atoms and monitoring by the COM displacement of the graphene layer. During 
this protocol, the external force was incremented in steps of Δ F =  10−6 eV Å–1. In 
practice, all the incommensurate contacts considered were already free to slide at 
the smallest applied force F = ∆ F.

All simulations results presented were obtained by solving the following 
equations of motion (which imply zero temperature, T =  0 K) for all carbon atoms 
of the graphene slider:

¨ = −∇ + + − +∥ ∥ ∥m V V K Fr r r( ) ( ) (2)i i irC inter
ILP

intra
REBO

,
stage

,i
damp

i

The first and second terms in the right-hand side of equation (2) are the forces 
due to the inter- and intralayer interactions, respectively, and the third term is 
the elastic driving acting in the (x,y) plane. To mimic the energy dissipation, we 
introduced viscous forces that act directly on each atom of the dragged monolayer:

∑ η= −
α

α
=

α α�F m v (3)i
x y z

damp
C

, ,
,i

Here α� is a unit vector along direction a =  x,y,z, αv i,  is the velocity component 
of atom i along the α direction and ηα is the corresponding damping coefficient 
required to reach a steady-state motion30. We qualitatively estimated the anisotropy 
of the damping coefficients based on a theory of the damping of lateral and normal 
oscillations of surface adsorbates28, which predicts a fourth-power dependence  
of the damping coefficients on the harmonic oscillation frequency η ∝ ωα α

4.  
We computed ωα from the parallel and perpendicular oscillation frequencies 
of a single carbon atom over graphene around its equilibrium position, giving 
ωx,y ≅  19.6098 THz, ωz ≅  70.5520 THz and η η ω ω∕ = ∕ ≈ .( ) 0 006x y z x y z, ,

4 . We 

note here that the frequency dependence of the damping coefficient may be 
different for mono- or multilayer configurations. For the case of a commensurate 
adsorbed monolayer, a square dependence of η ω∝α α

2 was previously predicted29. 
As a theoretical evaluation of the scaling has not yet been provided for the 
incommensurate case of interest to us, we decided to estimate the damping 
coefficient anisotropy based on the single-adsorbate model.

To investigate the effects of finite temperature, we also performed Langevin 
dynamics simulations at T >  0, by including in equation (2) a random force that 
satisfies the fluctuation–dissipation theorem. In summary, thermal effects were 
found to have only a minor influence on the calculated frictional stress. A detailed 
discussion of the results and of the protocol adopted in these simulations is 
reported in Supplementary Section 7.

Evaluation of frictional dissipation. In our simulations, the instantaneous  
shear force is given by the sum of the lateral spring forces, = −∥ ∥ ∥F t K r r( ) ( )i ii ,

stage
, ,  

that act between the atoms of the sliding graphene layer and those of its rigid 
duplicate within the moving stage. The kinetic friction force, Fk , is evaluated 
as the total shear force that acts on the moving stage in the sliding direction, 

= ∑ =F F t( )i
N

i xk 1 ,
p , where Np is the number of driven atoms and 〈  〉  denotes a 

steady-state time average. The time average is taken after the initial transient 
dynamics decays and the system reaches steady-state motion that corresponds to a 
balance between the (time-averaged) power Pin generated by the external springs:
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and the power Pout dissipated by the internal viscous forces:
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Equation (5) demonstrates that the frictional dissipation can be divided into 
COM motion contributions in the lateral and perpendicular directions and the 
corresponding terms related to the kinetic energy dissipated via the internal DOF 
of the graphene layer. Careful analysis of the various terms allowed us to explain 
the differences in the frictional behaviour of the homogeneous and heterogeneous 
junctions in terms of the nature of the dominating dissipative channels and 
revealed the underlying frictional mechanisms.

Data availability. The data that support the findings of this study are available 
from the corresponding authors upon reasonable request.
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